A replicated, multiyear field study was conducted to assess the reduction of N, P and microbial indicators by a recirculating sand filter (RSF) and bu ried mu ltilayer sa nd filter patterned after the RU CK filter. The RSF's received 38 L m -~ d -1 of septic tank effluent, while the buried sand filters were loaded at 76 L m -z d -~. The RSF's had significantly greater reductions of N and P (21 and 31%, respectively) than the buried filters (8 and 1%, respectively); however, reduction was not significantly different per unit area. The lower daily loading rate and even distribution of effluent on the recireulating filters may have contributed to the elevated P reductions noted. Total Kjeldahl N (TKN) reductions in the RSF's were markedly lower during the cold season (< 10 °C) than the warm season. In contrast, TKN reductions in the buried sand filters were relatively constant, except during the coldest periods of winter. Substantial TKN reductions occurred under acidic conditions. During warm weather sampling, both types of filters dramatically reduced levels of fecal coliform, enterococci, and F male-specific bacteriophage. During cold conditions, the buried sand filters produced greater reductions of fecal coliforms and enterococci levels, while neither filter consistently reduced the levels of Clostridium perfringens or F phage. Increased reductions in fecal coliform, enterococci and F phage were associated with lower effluent pH for both sand filters.
O N-SITE DISPOSAL of household wastewater is a potential threat to public health and environmental quality. The use of a septic tank followed by a soil absorption system can markedly reduce the concentrations of many contaminants before they reach the groundwater, provided that appropriate site and soil characteristics exist (Cogger, 1989; Reneau et al., 1989) . In situations where soil conditions may impede wastewater treatment (Kristiansen, 1981a; Pell and Nyberg, 1989a) or where the surrounding environment is highly susceptible to wastewater contaminants, such as sites adjacent to estuaries or overlying highly permeable aquifers (Laak et al., 1981; Lamb et al., 1990) , sand filters have been used to enhance wastewater treatment. Sand filters typically receive septic tank effluent and discharge effluent to either the soil directly below the filter media, to a spatially separate conventional soil absorption system, or to surface water following disinfection.
Sand filters are designed to provide an unsaturated, aerobic environment for wastewater treatment. Previous research has demonstrated that sand filters can dramatically lower biochemical oxygen demand (BOD) and suspended solids (Hines and Favreau, 1975; Effert et al., 1985; Soltman, 1990) as well as nitrify much of the N in septic tank effluent (Loudon et al., 1985; Pell and Nyberg, 1989b; Lamb et al., 1990 ). These observations suggest that the use of sand filters can improve the long-term infiltration capacities of soil absorption systems (Siegrist and Boyle, 1987) and that sand filters can be a useful component in systems that rely on nitrification followed by denitrification to remove N from wastewater (Laak et al., 1981; Lamb et al., 1990) . The long-term ability of sand filters to permanently remove N, P, and indicators of microbial pathogens is not as well documented.
Recirculating free-access sand filters and buried multilayer filters are two designs that have been widely used for on-site treatment in the USA. The RSF typically recirculates wastewater four to five times through the sand filter media before it is discharged (Hines and Favreau, 1975; USEPA, 1980) . Most RSF's are not buried and effluent is often sprayed onto the media surface. Because of maintenance, mechanical and aesthetic considerations associated with the RSF's, there is continued interest in the use of gravity fed, buried sand filters.
Buried sand filters require careful design to ensure aerobic conditions. Maintaining well-aerated media is particularly challenging if buried filters discharge directly to the soil from an underdrain outlet pipe (Laak et al., 1981) or are located in slowly permeable soils (Kristiansen, 1981a) . Laak (1991) has developed buried filter, called a RUCK filter, equipped with aeration tubes and percolation indrains designed to promote an aerobic environment throughout the filter.
Assessing the long-term attenuation capacity of sand filters requires analysis of "mature" filters over a range of climatic conditions. Over time, sand filters develop complex microbial ecosystems as a result of interactions between the media and the wastewater effluent (Pellet al., 1990) . During the initial 6 to 12 months of use, nutrient retention can occur in sand filters through mechanisms such as adsorption to soil particles or incorporation into living biomass or dead organic matter (Kristiansen, 1981a; Pell and Nyberg, 1989a; Pellet al., 1990) . These mechanisms appear to only be temporary or finite removal mechanisms, however. Temperature has been shown to influence both nitrification (Kristiansen, 1981b) and attenuation of microbial contaminants (Reneau et al., 1989) , which suggests the need for field investigations to complement laboratory studies.
The purpose of this study was to compare the longterm performance of mature RSF's and buried singlepass sand filters for the removal of N, P and microbial indicators. A replicated multiyear field study was conducted to permit seasonal analyses and statistical comparisons between systems.
MATERIALS AND METHODS
Site Location and Design The buried filters and RSF's were the aerobic components of two different N removal on-site sewage disposal systems in a field laboratory at the Univ. of Rhode Island (Lamb et al., 1987; Lamb et al., 1990) . Three replicates were constructed of each type of system, with the dimenAbbreviations: TKN, total Kjeldahl nitrogen; BOD, biochemical oxygen demand; RSF, recirculating sand filter.
sions of each replicate approximately one-fifth scale of a system servicing a home with an average of 3.5 people. Each replicate received approximately 115 L of wastewater per day, with the wastewater passing through a series of septic tanks/dosing tanks prior to entering the filters. The characteristics of the wastewater entering the filtering units is shown in Table 1 .
Buried Sand Filters
The buried filters were modeled after designs established for the RUCK filters (Laak et al., 1981; Laak, 1982; Laak, 1985, personal communication) . Each filter was 1.22 m by 1.22 m by 1.22 m deep, and was capped with a 1.25-cm wood cover and buried approximately 15 cm below the ground surface. The filters were comprised of alternating 25-cm layers of granitic sand (effective diam. of 0.25 mm, uniformity coefficient of 4.0) and 5-to 10-cm layers of washed stone (2-5 cm). The total volume of sand media each filter was 1.05 m 3. Percolation indrains were located in the upper two sand layers and aeration tubes, connected to surface vents, were placed in each stone layer to decrease the likelihood of filter clogging or the development of anaerobic conditions. Septic tank effluent was pressure dosed to a distribution box up-gradient from each filter 12 times per day (every other hour) in equal increments. From the distribution boxes, effluent flowed by gravity through each filter. Each filter received septic tank effluent at a hydraulic loading rate of approximately 76 L m -2 d -1.
Recirculating Sand Filters
The RSF's were designed according to specifications of the USEPA (1980) and Loudon et al. (1985) . Each filter was 1.22 m by 2.44 m by 1.22 m deep and was surface exposed. A single type of granitic sand media (effective diam. of 1.0 mm, uniformity coefficient of 3.0) was used in the filters. The total volume of sand media in each filter was 2.82 m 3. The recirculation tank associated with each filter was a 1136-L (300 gal) polyethylene tank.
Septic tank effluent was pressure dosed to the recirculation tank component of each filter 12 times per day in equal increments. A pump in the recirculation tank pumped effluent to a distribution manifold situated on top of each sand filter once every hour from 8:00 a.m. to 8:00 p.m. After passing through the filter, effluent either returned to the recirculation tank or discharged to the rest of the system depending on the water level in the recirculation tank. The filter was designed with a recirculation ratio of 4:1 to 5:1; each filter replicate received a daily hydraulic load of approximately 155 to 195 L m -2 d -1 with a forward flow of septic tank effluent through the system of 38 L m -2 d -1.
Sampling Schedule
Septic tank and sand filter effluent samples were taken concurrently on a triweekly basis from April 1987 to December 1988 and on a monthly/bimonthly basis from January 1989 to May 1990. Samples were not analyzed for all parameters on every sampling date. Phosphorus was analyzed only from February 1989 to May 1990; microbial parameters in March 1989 , August 1989 and February, 1990 ; and 5-d biochemical oxygen demand (BODs) on selected samples during the course of the study. The filters had been in continuous operation since June 1986, 10 months prior to the beginning of this study.
Chemical Analyses
Samples were analyzed for temperature, pH, alkalinity and BOD5 upon collection (USEPA, 1983) . After preservation, samples were later analyzed for: TKN (total Kjeldahl N) and total P by the block digester method (Eastin, 1978; USEPA, 1983 ) with subsequent ammonium-N determinations by the colorimetric salicylate-hypochlorite method (Bower and Holm-Hansen, 1980 ) and orthophosphorus determinations by an ascorbic acid method (Alpkem Corp, 1986); and nitrate-N and nitrite-N (NO~-N NO~-N) by automated Cd reduction (Technicon Industrial Systems, 1973; Lambert and Oviatt, 1986; Alpkem Corp., 1986) . In this paper, NO~-N and NO~-N concentrations are combined and reported as NO~-N.
Microbial Analyses
All microbial assays were performed by membrane filtration within 8 h of sample collection as follows: fecal coliforms by the mTEC method (Dufour et al., 1981; Cabelli et al., 1982) ; enterococci by the modified mE method (Levin et al., 1975; Dufour, 1980) ; C. perfringens by the mCP method (Bisson and Cabelli, 1979) ; and F male-specific bacteriophage by the method described by Debartolomeis (1988) . Levels of enterococci bacteria were measured because they have better survival rates and correlation to swimming-associated illness in marine waters than fecal coliform (Cabelli et al., 1983; Cabelli, 1983) ; C. perfringens was used as a "conservative" tracer because it produces environmentally resistant endospores, and the F malespecific bacteriophages were enumerated as a simulant for the environmental behavior of the Norwalk virus (Keswick et al., 1985) . 
Statistical Analyses
Treatments were compared for total N removal and total P removal by a repeated measure analysis of variance. Treatment comparisons were made over the entire 3-yr study period and for warm (> 10 °C) and cold (-<10 °C) season performance. The Wilcoxon Rank-Sum test (Bhattacharyya and Johnson, 1977) was used to compare both the reduction of microbial indicators between treatments and the seasonal total N removal and total P removal within each treatment.
RESULTS AND DISCUSSION

Operation and Maintenance
There were no periods of prolonged ponding on any of the filters throughout the 3-yr study, although the recirculating filters occasionally experienced ponding for brief periods immediately after dosing. No maintenance was ever performed on the buried sand filters. In contrast the RSF's required raking and weeding during each growing season and periodic maintenance during the winter to avoid icing of the orifices and filter. Routine maintenance is expected with RSF's (USEPA, 1980) and was not considered as a failure of the system.
Nitrogen
The removal of N from a wastestream has been shown to occur in essentially aerobic environments, such as sand filters (Otis et al., 1975; Loudon et al., 1985; Hanaki et al., 1990) . In this study, the proportion of N removed in the two types of sand filters was significantly different (P < 0.01) with a mean removal for the 3-yr study period of 20.4% for the RSF's and 8.4% for the buried single-pass filters (Table 2) . The RSF's were twice the size of the buried sand filters and N removal was not significantly different per unit area. The average daily N removal was 433 mg m -2 d -1 and 369 mg m -2 d -1 for the recirculating and buried sand filters, respectively. No apparent seasonal pattern of N removal was observed in the RSF's. Removal was significantly (P < 0.01) higher in the buried sand filters during the cold season than in the warm season. Throughout the study, both filter designs maintained some degree of aerobic treatment with BOD5 concentrations of less than 5 mg L-1 in filter effluent.
Given the extended length of the study, losses of N from the sand filter wastestream were presumed to result from nitrification followed by denitrification, rather than from microbial immobilization. Although designed to function as aerobic environments for nitrification, sand filters can contain anaerobic microenvironments that provide sites for denitrification, resulting in the loss of N as N2 gas (Rittman and Langeland, 1985) .
Total N in the sand filter influent was almost entirely composed of TKN (Table 1) . Over the 3-yr study TKN was reduced by an average of 73 to 74% in both sand filter designs with sand filter effluent containing an average of 13 to 14 mg L -1 TKN (all as NH~-N) compared to influent concentrations of 52 mg L -1. The NO~-N was the dominant form of N in sand filter effluent and constituted an average of 65.7 and 71.4% of the sand filter effluent total N for the recirculating and buried sand filters, respectively ( Fig. 1, 2 ). Because other wastewater treatment studies have indicated that nitrification, and hence reduction of TKN, decreases with decreasing temperatures below 10 to 15 °C (Wild et al., 1971; Haug and McCarty, 1972; Kristiansen, 1981b) , reduction of TKN in this study was also assessed on a seasonal basis (warm season > 10 °C, cold season < 10 °C). Although warm season TKN reductions were significantly higher (P 0.01) than cold season reductions for both treatments, seasonal differences were quite pronounced for the RSF's [84.1 _ 0.8% (mean -S.E.)vs.
56.9 --+ 2.4%, warm vs. cold season respectively]. During each winter TKN concentrations in the RSF effluent approached influent total N concentrations (Fig. 1) . contrast, TKN reductions for the buried sand filters were more constant throughout the year (75.6 -0.9% vs. 71.5 _ 1%, warm vs. cold season, respectively) and the proportion of filter effluent TKN to influent total N rose for very brief periods each winter (Fig. 2 ). The differences in seasonal response between the two treatments coincides with the extent of exposure to surface temperatures; the RSF treatment was at the ground surface, while the buried sand filter treatment was relatively insulated by the wood cap and soil cover.
Alkalinity and pH dynamics within the sand filters can affect the transformation of NH~-N to NOs-N. Stochiometrically, approximately 7.1 mg L -1 of HCO S alkalinity as CaCO3 is consumed per milligram liter -1 NO~-N produced (Haug and McCarty, 1972; Piluk and Hao, 1989) . Once the alkalinity of the system is depleted, the filter environment becomes acidic (pH < 4.2) which can reduce transformation rates. this study TKN was routinely transformed to NO~-N under acidic conditions. The sand filter effluent in the buried filters was acidic on most sampling dates throughout the year, while acidic effluent conditions were generally restricted to the warm season sampling dates in the RSF systems. During these periods, TKN reduction ranged from 56 to 83% in the buried filters and 71 to 96% in the RSF systems. The reductions in TKN observed in this study were comparable to the results of other sand filter studies under a wide range of pH and alkalinity conditions (Otis et al., 1975; Sauer and Boyle, 1978; Kristiansen, 1981b; Laak et al., 1981; Loudon et al., 1985; Pell and Nyberg, 1989a,b; Piluk and Hao, 1989; Windisch, 1990; Lamb et al., 1990) . In these sand filter studies TKN was reduced by 50 to 100% with no clear relationship to the alkalinity or pH of the sand filter effluent.
Phosphorus
The two sand filter designs differed significantly (P < 0.01) with regard to P removal ( Table 2 ). The RSF's consistently removed more P than the buried filters with mean annual removals of 31.9% (49.3 mg m-2d -1) in the recirculating filters and 0.9% (5.7 mg m-2d -1) in the buried filters. Neither system exhibited significant seasonal trends in P removal, however, a wide range of removal was observed in both filters during the study period. On 5 of the 12 sampling dates, the mean concentration of total P in effluent from the buried sand filters exceeded influent concentrations. This release of P from the filters may have resulted from microbial dieoff and mineralization of organic films or from desorption from the filter media (Sauer and Boyle, 1978) .
The comparatively higher P attenuation observed in the RSF's may reflect the lower loading rate of septic tank effluent (38 L m-2d -1) compared to the buried filters (76 L m-2d -1) and the increased opportunities for wastewater interaction with the system due to the multiple exposures inherent in the recirculating filter design. Differences in P removal between the two types of filters may also be associated with the manner of wastewater distribution to the filter surfaces. Wastewater was evenly distributed onto the RSF's as a result of pressure dosing through evenly spaced orifices, while the buried sand filters were gravity fed, creating the potential for zones of varying infiltration (Pellet al., 1990) . Uneven distribution has been shown to promote preferential flow and decrease the potential for P removal (Reneau et al., 1989) . The media used all the sand filters was processed from the same granitic bedrock, therefore, the mineralogy and potential for P adsorption of all filter media was similar.
The sand filters in this study were in continuous use for 2.6 yr before the P study began and are therefore representative of mature systems. Other studies have found that substantial P attenuation can occur in sand filters during an initial start up period (6 mon-2 yr) from adsorption or precipitation on media surfaces (Sauer and Boyle, 1978; Anderson et al., 1985) from incorporation into the microbial biomass and organic matter that develops within the filters (Pellet al., 1990) . Gold and Loomis (1989) assessed total removals of the buried and recirculating filters during the 1st yr of filter operation at the Univ. of Rhode Island field laboratory. In this earlier study, the proportion of P removed from the wastestream was significantly higher (P < 0.01) than the long-term rates reported in Table 2 , with removals averaging 75% for the RSF's and 24% for the buried filters during the 1st yr of operation.
Microbial Indicators Both types of sand filters substantially reduced the numbers of the microbial indicators in septic tank effluent on all sampling dates (Table 3 ). The reductions in the enterococci, fecal coliform and F phage levels with both filter types generally were much greater during the summer than the winter sampling, resulting in summer effluent levels approaching the sensitivity of the assays. The reductions in the C. perfringens levels were less than those for the other indicators, but this was not unexpected since C. perfringens produces a resistant endosporeo During summer sampling, mean concentrations of fecal coliforms in effluent from both filters approached drinking water standards (RIDEM, 1990) , and the concentrations of enterococci in both effluents were well below the USEPA guidelines for marine recreational waters (USEPA, 1986) . The marked reductions in the F phage levels were of particular interest, since this virus, like the Norwalk virus, is extremely resistant to wastewater chlorination (Keswick et al., 1985) .
The reductions in the fecal coliform and enterococci levels were significantly greater with the buried sand filters than with the RSF's on all the sampling dates during the cold season. Significant differences between the two types of filters for C. perfringens and the F phage were observed on only one of the three cold weather sampling dates, when the pH in the effluents from the buried filters reached a mean of 3.9.
On the cold season sampling dates, the fecal coliform levels in both the recirculating and buried sand filters exceeded the Rhode Island drinking water standard (RIDEM, 1990) , while the USEPA (1986) enterococci guidelines for recreational waters were achieved only with buried filters.
Increased reductions in fecal coliform, enterococci and F phage levels were associated with lower effluent pH for both sand filter treatments (Fig. 3) . Reddy al. (1981) and Reneau et al. (1989) observed that acidic environment and warm temperatures can enhance the reduction of bacterial indicators, such as fecal coliforms and enterococci. Acidic conditions may also have enhanced removal of the F phage, since low pH has been found to be an important factor in adsorption of viruses to the soil matrix (Bitton, 1980; Burge and Enkiri, 1978; Bitton et al., 1976) . Because low pH was always associated with high transformations of TKN in both sand filter designs, low pH suggests elevated activity by aerobic microorganisms. Biodegradation within the aerobic microbial ecosystems of the filters could have contributed to the microbial attenuation observed at low pH (Reneau et al., 1989) . Since low effluent pH occurred for longer periods in the buried sand filters than in the RSF's, the buried sand filters may be expected to generate more consistent removal of microbial indicators throughout the year. In addition, the buried sand filters had finer, more poorly sorted media than the RSF's and should have had a higher capacity for removing organisms by physical straining or filtration (Hagedorn et al., 1981) .
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